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Edited by Hans EklundAbstract The white-rot fungus Phanerochaete chrysosporium
has two intracellular b-glucosidases (BGL1A and BGL1B)
belonging to glycoside hydrolase (GH) family 1. BGL1B eﬀec-
tively hydrolyzes cellobiose and cellobionolactone, but BGL1A
does not. We have determined the crystal structure of BGL1A
in substrate-free and gluconolactone complexed forms. The over-
all structure and the characteristic of subsite 1 (glycone site)
were similar to those of other known GH1 enzymes. The loop re-
gions covering on the (b/a)8 barrel was signiﬁcantly deviated, and
they form a unique subsite +1 (aglycone site) of BGL1A.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Basidiomycete1. Introduction
b-Glucosidases (BGLs, E.C. 3.2.1.21) are exo-type glycoside
hydrolases (GHs) that cleave b-glucosidic bonds from the non-
reducing ends of their substrates. BGLs occur in all living
organisms (bacteria, archaea, and eukaryotes) and play funda-
mental biological processes. In bacteria and fungi, BGLs are
involved in the metabolism of cellulose and other carbohy-
drates [1,2]. In higher plants, BGLs play key roles in a variety
of biological processes, ranging from developmental regulation
to chemical defense against pathogen attack [3–5]. According
to the Carbohydrate-Active enZymes (CAZy) classiﬁcation
(http://www.cazy.org/CAZY/) [6], BGLs belong to GH fami-
lies 1 and 3. Crystal structures of a number of GH1 enzymes,
including BGLs, b-glycosidases, myrosinases, and 6-phospho-
b-galactosidase, have been determined, revealing details of
their reaction mechanism (retaining mechanism), glycone bind-
ing site (subsite 1), and aglycone binding site (subsite +1) [7–
10]. Although the structures of GH1 enzymes from archaea,
bacteria, plants, and an insect have been described [11,12],Abbreviations: BGL, b-glucosidase; GH, glycoside hydrolase; SaMYR,
Sinapis alba myrosinase; ZmBGL, Zea mays BGL; TmBGL, Thermo-
toga maritima BGL; DIMBOAGlc, 2-O-b-D-glucopyranosyl-4-hydro-
xy-7-methoxy-1,4-benzoxazin-3-one
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doi:10.1016/j.febslet.2007.03.009there has been as yet no information on the 3D structure of
fungal GH1 enzymes.
The white-rot fungus (basidiomycete) Phanerochaete chry-
sosporium can eﬀectively degrade cellulose with the synergistic
action of extracellular endo-glucanases, cellobiohydrolases,
and cellobiose dehydrogenase [13–15]. However, extracellular
GH3 BGL of P. chrysosporium cannot eﬀectively hydrolyze
cellobiose or cellobionolactone, but its best substrates are b-
1,3-glucans [16,17], suggesting that extracellular GH3 BGL is
not involved in cellulose degradation. Very recently, two intra-
cellular GH1 BGLs of P. chrysosporium (BGL1A and BGL1B)
have been cloned and characterized [18]. The BGL1B enzyme
can eﬀectively hydrolyze cellobiose and cellobionolactone, and
its gene is expressed in cellobiose culture but repressed in glu-
cose culture, suggesting that BGL1B contributes to cellobi-
ose metabolism. In contrast, the BGL1A enzyme barely
hydrolyzes cellobiose and cellobionolactone, and its gene is ex-
pressed constitutively, making its biological role unclear. Here,
we report the crystal structure of BGL1A in substrate-free
and gluconolactone complexed forms. To our knowledge,
this is ﬁrst description of the 3D structure of a fungal GH1 en-
zyme.2. Materials and methods
Recombinant BGL1A was expressed and puriﬁed based on the pre-
vious report [18]. The expression plasmid was constructed using a
pBAD/TOPO ThioFusion Expression Kit (Invitrogen). The protein
was expressed in Escherichia coli TOP10 cells (Invitrogen), using
0.02% L-arabinose as an inducer. BGL1A protein was extracted by
sonication and puriﬁed on a DEAE-Toyopearl 650S column (Tosoh)
with a linear gradient of 0–0.5 M KCl in 20 mM potassium phosphate
buﬀer (pH 7.0). After digestion of the N-terminal HisPatch-Thiore-
doxin with enterokinase (New England Biolabs) for 16 h, the protein
was again puriﬁed on a DEAE-Toyopearl 650S column. It was further
puriﬁed, and its relative molecular weight was determined, by gel ﬁltra-
tion chromatography on a Superdex 200 GL 10/300 column (GE
Healthcare), eluted with 20 mM Tris–HCl (pH 7.5), 150 mM NaCl.
The column was calibrated with blue dextran and molecular weight
marker proteins. The native protein was crystallized by the sitting-drop
vapor diﬀusion method at 25 C, using a mixture of 1 ll of protein
(10 mg/ml in gel ﬁltration buﬀer) and 1 ll of a reservoir solution con-
taining 12% isopropanol, 15% PEG 6000 and 0.1 M sodium citrate
(pH 5.8). For data collection, crystals were transferred to a cryoprotec-
tant solution containing 20% MPD, 15% PEG 6000 and 0.1 M sodium
citrate (pH 5.8) and ﬂash frozen in a cold nitrogen stream at 100 K.
For data collection of the gluconolactone complex, crystals were
soaked in 10 mM D-glucono-1,5-lactone in the reservoir solution for
1 h prior to cryoprotection. Data were collected with a charge-coupled
device camera at the BL6A station at the Photon Factory and theblished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics
Substrate-free Gluconolactone complex
Data collection statistics
Space group P212121 P212121
Unit-cell parameters: a, b, c (A˚) 65.76, 122.0, 134.6 65.79, 120.1, 133.0
Resolutiona (A˚) 50.00–1.50 (1.55–1.50) 50.00–1.90 (1.97–1.90)
Measured reﬂections 1,295,252 350,217
Unique reﬂections 173,769 83,722
Completenessa (%) 99.5 (98.8) 99.5 (99.4)
Redundancya 3.9 (3.9) 2.2 (2.0)
Mean I/ra 29.6 (3.6) 19.4 (3.6)
Rmerge
a,b (%) 8.8 (32.8) 7.8 (28.6)
Reﬁnement statistics
Resolution range (A˚) 37.25–1.50 44.57–1.90
R/Rfree factor (%) 16.6/18.1 16.4/19.1
No. of protein atoms 7431 7424
No. of solvent atoms 1357 933
No. of heteroatoms — 24
Average B factor (A˚2)
Protein (chain A/B) 12.6/15.6 18.5/21.8
Water 29.7 32.0
Gluconolactone 14.4/16.1
Ramachandran plot (%)
Favored 89.0 88.5
Allowed 11.0 11.5
Disallowed 0.0 0.0
Rmsd bond lengths (A˚) 0.004 0.005
Rmsd bond angles () 1.3 1.3
aValues in parentheses are for the highest resolution shell.
bRmerge =
P
h
P
ijI(h,i)  < I(h) > j/
P
h
P
iI(h,i), where I(h,i) is the intensity of the ith measurement of reﬂection h and ÆI(h)æ is the average value over
multiple measurements.
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Research Organization (KEK), Tsukuba, Japan, at a wavelength of
1.0 A˚. The collected data were processed with the HKL2000 program
suite [19]. Molecular replacement was performed with MOLREP [20].
The search model was prepared using homology modeling server 3D-
JIGSAW [21]. ARP/wARP was used for automatic model building
[22], and subsequent reﬁnement was carried out with CNS 1.1 [23]. Vi-
sual inspection of the models was performed using XtalView [24]. The
data collection and reﬁnement statistics are summarized in Table 1.
The ﬁgures were prepared using PyMol [25]. The coordinates and
structure factor data have been deposited in the PDB with accession
codes 2E3Z and 2E40.3. Results and discussion
3.1. Gel ﬁltration chromatography
The relative molecular weight of native BGL1A protein was
approximately 46 kDa, as estimated by calibrated gel ﬁltration
chromatography (data not shown). The molecular weights of
BGL1A deduced from the amino acid sequence and estimated
by SDS–PAGE were 52.6 and 53 kDa, respectively [18]. These
results suggest that BGL1A is monomeric in solution.
3.2. Crystallography
The crystal structures of BGL1A in substrate-free and gluc-
onolactone complex forms were determined at 1.5 and 1.9 A˚,
respectively. The BGL1A crystal was found to contain two
chains (A and B) per asymmetric unit. The ﬁnal model con-
tained residues Ala4 to Glu462 of each chain. The two chains
had very similar structures; root mean square deviations
(RMSD) for Ca and all atoms were 0.23 and 0.52 A˚, respec-
tively, in the substrate-free structure, and 0.22 and 0.58,respectively, in the gluconolactone complex structure. There-
fore, we will mainly describe chain A, unless otherwise noted.
The overall structure of BGL1A was almost the same as those
of known GH1 enzymes, which have classical (b/a)8 barrel
folds. Amino acid sequence alignment of six GH1 enzymes
and the secondary structure of BGL1A and ZmBGL are
shown in Fig. 1. The active site is located at the bottom of
the pocket formed by loops of the barrel, a characteristic of
most GH1 enzymes.
The accessible surface area of the monomer to solvent
(probe radius = 1.4 A˚) is about 16900 A˚2. The surface area
buried on the interface of the two molecules in the asymmetric
unit, which is largest in the crystallographic packing interfaces,
is about 700 A˚2 per molecule (about 4.2% of the monomer sur-
face). These values of surface area, as well as the result of gel
ﬁltration chromatography, are similar to those of monomeric
BGL from Thermus nonproteolyticus HG102 [26]. On the other
hand, most of the structurally known GH1 enzymes are re-
ported to be multimer. For example, three GH1 enzymes from
plants, myrosinase from Sinapis alba (SaMYR) [27], BGL
from Zea mays (ZmBGL) [28], and dhurrinase-1 from Sor-
ghum bicolor [10], are dimer, whereas BGL from wheat (Triti-
cum aestivum) is hexamer [29]. Two b-glycosidases from
hyperthermophilic archaea, Sulfolobus solfataricus [30] and
Thermosphaera aggregans [31], are tetramer. Two BGLs from
Bacilli are octamer or even higher multimer [32,33].
3.3. Gluconolactone complex structure and the active site
residues
Fig. 2 shows superimposition of the substrate-free and gluc-
onolactone complex structures of BGL1A at the active site.
Fig. 1. Amino acid sequence alignment of BGL1A and GH1 enzymes. The catalytic residues and highly conserved residues are boxed and shown in
bold, respectively. The secondary structure and their designations are shown above BGL1A and below ZmBGL. The numbering above the alignment
is for the BGL1A sequence. The residues involved in the glycone and aglycone binding sites are indicated by triangles and ﬁlled circles, respectively.
The four extended loops (A, B, C, and D) forming the entrance of the substrate binding pocket are indicated above the sequence alignment. GenBank
accession numbers and sequence identity to BGL1A are as follows; BGL1B (BAE87009, 65%); Trichoderma reesei Cel1A or BGLII (TrCel1A)
(BAA74959, 55%); TmBGL (CAA52276, 41%), SaMYR (P29736, 40%), ZmBGL (P49235, 39%). The C-terminal extension of BGL1B is not shown.
The ﬁgure was produced with ESPript [38].
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Fig. 2. Stereoview of the active site structure of BGL1A in the substrate-free (light grey) and gluconolactone complexed (blue) forms. jFoj  jFcj omit
map for the gluconolactone molecule contoured at 4.5r is shown. Glu365 and Glu170 are the catalytic nucleophile and acid–base residues,
respectively. Signiﬁcant movement of the side chain of Glu422 was observed on the binding of gluconolactone.
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bound open-form of gluconolactone found in the crystal struc-
ture of BGL from Bacillus polymyxa [32]. The overall struc-
tures of substrate-free and gluconolactone complex were veryFig. 3. Comparison of the structures of GH1 BGLs from fungus, bacteria an
TmBGL with 1-deoxynojirimycin (center, 1OIM) and ZmBGL E191D mutan
the enzymes shown in (A). (C) Ribbon representation of (A). Ligands are sh
green and red, respectively. BGL1A has a tunnel-shaped active site pocket sim
pocket. The diﬀerences of the main-chain trace of the four extended loops asimilar in both A and B chains, with RMSD of Ca being less
than 0.24 A˚. The only signiﬁcant diﬀerence in these structures
was observed at the side chain of Glu422 (Fig. 2). The move-
ment is prerequisite for the recognition of O-6 hydroxyl groupd plant. (A) Molecular surfaces of BGL1A with gluconolactone (left),
t with DIMBOAGlc (right, 1E56). (B) Close-up views of active sites of
own as stick models. Loops A, B, C and D are shown in yellow, blue,
ilar to that of TmBGL, whereas ZmBGL has the ﬂattened crater-like
re observed.
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been observed in other GH1 BGLs [10]. The catalytic residues
of BGL1A are Glu365 (nucleophile) and Glu170 (acid–base)
[18]. In the complex structure, the O-2, O-3, O-4 and O-6 hy-
droxyl groups are extensively recognized, forming one or more
direct hydrogen bond(s) with the side chains of Gln20, His123,
Asn169 and Glu422. Trp415 forms a stacking interaction with
the sugar ring, and Phe431 forms a hydrophobic interaction
with the C-6 methylene group. BGL1A has strict substrate
speciﬁcity toward b-D-glucopyranoside, and it shows little or
no activity toward galacto-, xylo-, and mannopyranosides
[18]. The extensive interactions at the glycone binding site
(subsite 1) are responsible for the strict substrate speciﬁcity
of BGL1A. The residues involved in these interactions are al-
most conserved by every GH1 BGL and myrosinase (Fig. 1,
indicated by triangles).
3.4. Comparison with other GH1 BGLs
The crystal structure of BGL1A was compared with known
GH1 structures using the protein structure comparison service
Secondary-Structure Matching at the European Bioinformatics
Institute (http://www.ebi.ac.uk/msd-srv/ssm) [34]. The core
barrel fold of BGL1A was very similar to those of 16 known
GH1 enzymes, with RMSDs of all GH1 enzyme structures
being less than 1.8 A˚ (No. of Ca atoms aligned >380). The most
similar enzymes were two plant BGLs (Zea mays, RMSD =
1.16 A˚, 440/490 a.a.; and Trifolium repens, RMSD = 1.20 A˚,Fig. 4. Stereoview of the (A) glycone and (B) aglycone binding sites. BGL1A
complex with DIMBOAGlc (green, 1E56) are superimposed. One of the two
4C1 chair, is shown. Aglycone and glycone groups in (A) and (B) are shown a
order of BGL1A/ZmBGL with each color. The glycone binding site (subsite441/490 a.a.), and SaMYR (RMSD = 1.17 A˚, 434/499 a.a.).
The most similar bacterial BGL was from Thermotoga mari-
tima (RMSD = 1.21 A˚, 424/444 a.a.). Fig. 3A shows the molec-
ular surfaces of BGL1A and two GH1 BGLs. Since GH1
enzymes show structural similarity relative to biological source,
we show BGLs from a plant (Z. mays; ZmBGL) and a bacte-
rium (T. maritima; TmBGL) as representatives. BGL1A has a
tunnel-shaped active site pocket similar to that of TmBGL,
whereas the pocket is a ﬂattened crater or slot-like in ZmBGL
(Fig. 3B) [7]. The aglycone binding site (subsite +1) of GH1 en-
zymes are less conserved, and this site is the basis of diversity in
their substrate speciﬁcity [12]. In the (b/a)8 barrel structure, the
entrance of the substrate binding pocket is formed primarily by
the four extended loops connecting strands and helices at the C
terminal side of the barrel (Figs. 1 and 3C; loop A between b1
and a1, 16–59; loop B between b4 and a4, 181–192; loop C be-
tween b6 and a6, 309–342; and loop D between b7 and a7, 367–
384). Loop A does not show large diﬀerences in the three GH1
BGL structures, whereas loops B and D of BGL1A are slightly
similar to those of TmBGL and ZmBGL, respectively. Among
these four loops, B and C are mainly responsible for formation
of the aglycon binding site. The main-chain trace of loop C of
BGL1A diﬀers signiﬁcantly from that of other GH1 structures.
The glycone and aglycone binding sites of BGL1A were
compared with those of ZmBGL in complex with 2-O-b-
D-glucopyranosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one
(DIMBOAGlc) [7]. One of the two models for the glucopyr-in complex with gluconolactone (blue) and ZmBGL E191D mutant in
models for the glucopyranoside ring conformations of DIMBOAGlc,
s thin lines, respectively. Residue names and numbers are labeled in the
1) is very similar, whereas the aglycone site (subsite +1) is not.
Y. Nijikken et al. / FEBS Letters 581 (2007) 1514–1520 1519anoside ring conformations of DIMBOAGlc, 4C1 chair, is
shown in Fig. 4. The glucopyranoside ring of DIMBOGlc
was not deﬁnitively modeled because electron density in this
site was ambiguous [7]. Due to this ambiguity or due to an ef-
fect from the aglycone binding site, the binding mode of the
glucpyranoside ring is slightly diﬀerent from that of glucono-
lactone in BGL1A (Fig. 4A). The surrounding residues at
the glycone binding site are, however, very similar in both
structures. The binding modes of gluconolactone (ring-form)
bound to SaMYR [27] and 1-deoxynojirimycin bound to
TmBGL [8] are almost identical to that of gluconolactone in
BGL1A (data not shown).
On the other hand, residues around the aglycone binding site
are not conserved (Fig. 1, indicated by ﬁlled circles). In
ZmBGL, four aromatic residues (Trp378, Phe198, Phe205,
and Phe466) and Ala467 form the aglycone binding pocket,
which is speciﬁc for DIMBOA group [7]. These ﬁve residues
are not conserved in BGL1A except for Trp338, which corre-
sponds to Trp378 of ZmBGL (Fig. 4B). Other residues
surrounding the pocket (Trp172, Val173, Met177, Asp229,
His231, and Lys253) also form the unique aglycone site of
BGL1A. These results indicate that BGL1A has unique agly-
cone speciﬁcity compared with other structurally known
GH1 enzymes. BGL1A exhibits signiﬁcantly high activity to-
ward p-nitrophenyl-b-D-glucopyranoside [18], suggesting that
the natural substrate of BGL1A may be glucosyl compounds
with small aglycones that can ﬁt into the tunnel-like pocket.
BGL1A shows relatively high sequence identity (50–60%)
to biochemically characterized GH1 BGLs from cellulolytic
ascomycetes such as Trichoderma (Hypocrea) spp. and Humi-
cola spp. [35–37] as well as BGL1B (sequence identity = 65%).
Therefore, the structure presented here will provide a good
template for modeling of fungal cellulolytic BGLs and can
be used to determine structure–function relationships.
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